Bond Tension in Tethered Macromolecules by Sheiko, Sergei S. et al.
Bond Tension in Tethered Macromolecules
Sergei S. Sheiko†,*, Sergey Panyukov‡, and Michael Rubinstein†
†Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 
27599-3290, United States
‡P.N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow 117924, Russia
Abstract
The paper presents scaling analysis of mechanical tension generated in densely branched 
macromolecules tethered to a solid substrate with a short linker. Steric repulsion between branches 
results in z-fold amplification of tension in the linker, where z is the number of chain-like arms. At 
large z ~ 100–1000, the generated tension may exceed the strength of covalent bonds and sever the 
linker. Two types of molecular architectures were considered: polymer stars and polymer 
“bottlebrushes” tethered to a solid substrate. Depending on the grafting density, one distinguishes 
the so-called mushroom, loose grafting, and dense grafting regimes. In isolated (mushroom) and 
loosely tethered bottlebrushes, the linker tension is by a factor of  smaller than the tension in a 
tethered star with the same number of arms z. In densely tethered stars, the effect of interchain 
distance (d) and number of arms (z) on the magnitude of linker tension is given by f ≅ f0z3/2(b/d) 
for stars in a solvent environment and f ≅ f0z2 (b/d)2 for dry stars, where b is the Kuhn length and 
f0 ≅ kBT/b is intrinsic bond tension. These relations are also valid for tethered bottlebrushes with 
long side chains. However, unlike molecular stars, bottlebrushes demonstrate variation of tension 
along the backbone f ≅ f0s z1/2 / d as a function of distance s from the free end of the backbone. In 
dense brushes  with z ≅ 1000, the backbone tension increases from f ≅ f0 = 1 pN at the 
free end of the backbone (s ≅ b) to its maximum f ≅ zf0 ≅ 1 nN at the linker to the substrate (s ≅ 
zb).
INTRODUCTION
Mechanical force is integral to all living systems1–11 and represents one of the most 
common molecular stimuli, which alters electronic states evoking changes in color, 
conductivity, magnetism, and reactivity.12–27 Tension in chemical bonds can be either 
induced or self-generated. Spontaneous, i.e. self-generated tension occurs in geometrically 
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confined and crowded macromolecular systems, such as tethered polymer chains and 
polymer brushes. Already in a single polymer chain tethered to a substrate, the decrease in 
the number of allowed configurations leads to a noticeable tension in the first bond between 
the chain and substrate as28
(1)
This intrinsic tension is on the order of f0 ≅ 1 pN, which can be calculated from the 
Boltzmann's constant kB = 1.38 × 10–23 J/K, an absolute temperature of T ≅ 300 K, and a 
typical Kuhn length of b ≅ 1 nm. In polymer brushes,29–38 steric repulsion between densely 
grafted polymer chains causes an additional tension of f ≅ kBT/ξ, where ξ is the correlation 
length, which in a planar brush is on the order of the average distance between the 
neighboring grafting sites.39,40 Since ξ ≥ b, this tension does not exceed the tension f0 in the 
linker (bond adjacent to the substrate), even for one of the highest grafting densities of σ ≅ 
0.4 nm–2 (ξ ≅ σ–1/2 ≅ 1.6 nm) reported by Fukuda et al.41 As such, the bond tension in 
conventional polymer systems does not exceed several piconewtons (pN). This tension is too 
small to significantly alter the lifetime of covalent bonds, which exhibits an exponential 
force dependence
(2)
where τ0 is on the order of the reciprocal bond oscillation frequency, Ea is the bond 
activation energy, and ba is the activation length.42–44 For a typical covalent bond (Ea ≅ 
100kBT and ba ≅ 0.04 nm), eq 2 gives an approximate relation for the bond lifetime as
(3)
where τa = τ0 exp(Ea)/(kBT) ≅ 1030 s is a bond lifetime at a zero force and fa = kBT/ba ≅ 
100 pN is a force which causes a noticeable (by a factor of e) decrease in bond lifetime. For 
a conventional polymer like polystyrene, this tension corresponds to a grafting density of σa 
≅ 1.2 nm–2, that belong to the strongly nonlinear regime of nearly full chain extension.45 
Because of the increasingly high steric repulsion between the tethered chains, the synthesis 
of such dense polymer brushes is a very challenging task.
NanoNewton-level tensions in chemical bonds can be achieved through modification of a 
molecular architecture leading to nonuniform distribution of tension between the 
constituting sections. The goal is to design macromolecules that enable amplification, 
transmission, and focusing of self-generated tension at specific chemical bonds. Recently, 
we have demonstrated two methods of this tension management. The first method was 
developed for brush-like37 and pom-pom38 macromolecules in solution, where steric 
repulsion between densely packed branches builds up nanoNewton tension in the brush 
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backbone and the pom-pom spacer, respectively. The second method was demonstrated for 
brush-like macromolecules physically adsorbed to an interface.37 Adsorption significantly 
enhances crowdedness of the side chains causing additional amplification of tension in the 
brush backbone. Depending on the length of the side chains and the strength of adsorption, 
the backbone tension may reach values on the order of several nanoNewtons that are 
sufficient to instantly (seconds) sever a C–C bond (eq 3).36,46–48
Here we present the third method of tension amplification, which is applied to 
macromolecules tethered to a solid substrate (Figure 1). Because of the steric repulsion 
between the constrained polymer chains, polymer brushes impose osmotic pressure to the 
substrate Π ≅ kBT/ξ3, which is balanced by the tension in the linkers connecting the 
macromolecules to the substrate (f ≅ kBT/ξ ≅ Πξ2). This force is a small addition to bond 
tension within an individual chain (eq 1). However, by reconnecting the chains of a planar 
brush in groups of z arms, one reduces the number of linkers and, hence, increases tension 
per linker. In other words, multiarm grafts lead to z-fold amplification of the tension in the 
linker as
(4)
which can be significantly larger than the intrinsic bond tension f0 (eq 1). For example, a 
tethered star with z = 1000 arms would lead to 1000-fold amplification of the linker tension 
from the pN to nN scale. This new method of tension amplification is consistent with the 
recent reports of mechanical instability of tethered multiarm macromolecules that opt to 
sacrifice one covalent bond in the linker to reduce the steric repulsion between the spatially 
confined branches.49–54 In this paper, we present scaling analysis of the bond tension 
developed in the linker between the substrate and a tethered brush-like macromolecule as a 
function of the number of arms, the grafting density, and the linker length. The 
understanding of mechanical tension in these systems is vital for many practical applications 
including colloids, lubricants, and antifouling coatings that rely on mechanical stability of 
tethered macromolecules.55
All theoretical predictions made in this paper use two scaling approximations. First, absolute 
values obtained by scaling analysis are accurate only up to a numerical coefficient on the 
order of unity. As such, numerical prefactors on the order of unity are omitted in all relations 
derived in this paper. Second, the paper considers the scaling regime of arm extension (f ~ 
Rα), where R is the end-to-end distance of a chain-like polymer arm.
In this paper, we deliberately focus on the scaling regime of moderate extension of the arms 
(R/Rmax < 0.3), since our goal is to demonstrate that multiarm grafts allow significant 
tension amplification (f >> 1 pN) even at very low 2-D packing densities of individual arms. 
We will show that multiarm grafts allow tension amplification up to the nN-level enabling 
homolytic cleavage of covalent bonds. Furthermore, many chemical reactions, e.g. 
hydrolytic cleavage of siloxane bonds, may require much lower forces to be observed on 
conventional time scales,52–54 which can be controlled by the mechanism of tension 
amplification proposed in this paper.
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There are two general ways to prepare multiarm grafts.55 In the first case, the synthesis starts 
with growing of a hyper-branched macroinitiator (of diameter D) at the substrate49,56–58 
followed by polymerization of linear arms at the branch-end functionalities (Figure 2a). In 
the second case, one first grafts a linear “bottlebrush” macroinitiator59–61 of a contour length 
L followed by polymerization of linear side chains with a degree of polymerization N 
(Figure 2b). Preparation of branched grafts using a combination of these synthetic strategies 
has been reported as well.62 Both synthetic approaches yield tethered macromolecules with 
multiple arms that are linked to the substrate with a single chemical bond (linker).
In the case of very long arms (Nb >> D and Nb >> L), both star- and brush-like 
macromolecules can be approximated by a multiarm star tethered to a solid substrate with a 
short spacer. In both systems, the linker is under tension. However, there is one essential 
difference between the tethered bottle- and star-like brushes. Unlike polymer stars, where all 
arms sprout from a single branching center, the side chains in bottlebrushes are distributed 
along the backbone. As a result, the backbone tension in tethered bottlebrushes progressively 
increases along the backbone reaching a maximum value in the linker. Therefore, the rest of 
this paper is organized in two sections. We first calculate the linker tension in tethered stars, 
and then present the analysis of the tension gradient in the backbone of tethered 
bottlebrushes. Because of the aforementioned similarity between the systems, many 
equations derived for the star-like grafts will be applied to the bottlebrushes as well.
TETHERED STARS
As sketched in Figure 2, every star has a branching core of diameter D with z arms each 
consisting of N monomeric units of size b. The spacer consists of m monomeric units 
resulting in a contour length of fully stretched chain h = mb. For a given value of the core 
diameter (D), the number of arms (z) and the spacer length (h) have the upper and lower 
limits, respectively. The upper limit for z is given by
(5)
which is imposed by the maximum grafting density for linear chains σ ≅ b–2. In this paper, 
we assume that the branching core has a maximum number of arms, i.e. z = D2/b2. The 
lower limit for the spacer length (hmin) is dictated by the dense packing condition of chain 
sections under the core, i.e. by a minimal volume Vmin ≅ D2hmin that can accommodate ca. z 
chain sections confined between the core of diameter D and the substrate. Note that the 
confined chain sections are fully extended with a typical length of being on the order of D 
and a number of monomeric units per section ~D/b. Therefore, z sections occupy a dry 
volume of Vdry ≅ z(D/b)b3 ≅ zDb2. From the dense packing condition (Vmin ≅ Vdry), one 
obtains hmin ≅ zb2/D. For a branching core with a maximum number of arms z ≅ D2/b2 (eq 
5), one obtains the following relation for the minimum spacer length h
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We consider three grafting regimes depending on the average distance d between the 
neighboring linkers: (i) isolated macromolecules, i.e. “mushroom” regime (d > R, Figure 
3a), where R is the size of an unperturbed star, (ii) loosely grafted brushes (h < d < R, Figure 
3b), and (iii) dense brushes (D < d < h, Figure 3c). Our analysis is limited to brushes on a 
noninteracting substrate. On repulsive substrates, for all grafting regimes, the tension 
increases with respect to the noninteracting case by a correction term due to the steric 
repulsion from the substrate which is smaller than the main contribution to the spacer 
tension. On attractive substrates, the linker tension is not amplified in the mushroom regime, 
and it increases only at higher grafting densities.
Mushroom Regime
At low grafting densities (i.e., for large intermolecular distances d > R), tethered stars do not 
interact and can be considered as isolated macromolecules tethered to a substrate. We 
separately analyze the so-called wet brushes (in a solvent environment) and dry brushes 
(e.g., melt).
Wet Mushroom Regime—Figure 4a shows schematics of a star-like macromolecule 
tethered to a solid substrate with a short spacer. To visualize the process of tension 
generation in the linker, it is instructive to consider a free star-like macromolecule in the 
vicinity of a solid substrate. When the polymer star is pushed toward the substrate, it 
experiences a repulsive force as its linear arms explore less configurational space resulting in 
greater steric repulsion between the swollen linear chains. The net force f is oriented 
perpendicular to the substrate and increases with decreasing distance h between the 
branching core and the substrate. Note that conformation of the linear arms in tethered stars 
is almost unaffected by the substrate within a radius of r << h, and hence, do not contribute 
to the tension in the linker. Therefore, the linker tension predominantly results from 
summing up the tensions in z individual arms measured at a distance r ≅ h, i.e., f ≅ zfarm(h) 
(eq 4).
In a solvent environment, the tension in the individual arm at a radial distance r from the 
branching center can be estimated as
(7)
where the average distance between monomers of neighboring arms (correlation length) is 
given by63
(8)
Sheiko et al. Page 5













From eqs 8 and 9, one obtains mechanical tension in the individual arm at distance r from 
the branching core as
(9)
which gives the linker tension in a tethered star in a solvent environment as
(10)
The linker tension (eq 10) can be also obtained as a derivative of the interaction energy 
between a spherical block copolymer micelle and a substrate.64 The distant chain sections, 
i.e. those located at larger distances from the branching center (r > h), also contribute to the 
tension in the linker. However, the total contribution of the distant chain sections is on the 
same order of magnitude as the linker tension generated by the sections located at r ≈ h (eq 
10). Therefore, the actual tension may be higher by a factor on the order of unity, which does 
not affect our scaling estimates. Note also that eq 9 is equivalent to the corresponding 
relation for the tension in the linker of a pom-pom macromolecule with 2z arms.38 Indeed, 
each of the pom-pom halves can be viewed as a mirror image of a tethered star, i.e., 
repulsion between the pom-pom branches is equivalent to the repulsion of a tethered star 
from a substrate.
Dry Mushroom Regime—In a nonsolvent environment, the star arms are also extended 
and thus under tension.65,31 Similar to wet stars, the arm tension decreases with increasing 
distance from the branching center. The corresponding scaling relation can be obtained by 
considering a section of an individual arm of size r composed of n monomeric units. The 
extension force for this section can be written as
(11)
Unlike the solvent-swollen molecules, the monomer number density (number of monomers 
per unit volume) c ≅ b–3 does not change with the distance from the branching center and 
can be expressed as
(12)
From eq 12, we find n ≅ r3/(zb3) which is then substituted in eq 11 to yield the following 
relation for the tension in an individual arm of a dry tethered star
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By summing up tensions in the z arms at r ≅ h, one obtains the tension in the linker of a 
tethered star in a nonsolvent environment as
(14)
Since h ≥ z1/2b (eq 6), there is an upper limit for the tension as f ≤ zf0, with typical f0 ≅ 1 pN 
(eq 1).
Loose and Dense Brush Regimes
The tension in dense monolayers depends on the distance d between the grafting points of 
the z-arm stars (Figure 3b). The distance d is related to the grafting density as
(15)
There is an upper limit for the grafting density dictated by the dense packing of z linear 
chains each occupying an area of b2 (eq 5) as
(16)
From eq 15, the density of tethered chains can be equivalently described both by σ and d. In 
this paper, we will use d (the distance between the grafting sites) as a main parameter for 
grafting density. At σ < σlim, one discriminates two grafting regimes: (i) loose brush regime 
(R > d > h) and (ii) dense brush regime (h > d > z1/2b).
Loose Brush Monolayers—In the loose brush regime, the distance between the 
neighboring stars is larger than the linker length (d > h). Similar to the mushroom regime, 
the major tension contribution comes from the chain sections located at a distance of r ≅ h 
from the substrate, resulting in linker tensions of f ≅ f0z3/2/m (wet brush) and f = f0(z/m)2 
(dry brush) that are respectively obtained from eqs 11 and 15 with h = mb and f0 ≅ kBT/b 
(eq 1). In other words, the tension in the linker is not significantly affected by the interaction 
between the neighboring macromolecules provided that they are loosely grafted to the 
substrate (d > h).
Dense Brush Monolayers—At higher grafting densities (h > d > z1/2b, the monolayer of 
grafted stars is equivalent to a dense planar brush (Figure 4b) with a correlation length
Sheiko et al. Page 7














which does not depend on the linker length and is solely determined by the distance between 
the grafting points, i.e. grafting density. In a solvent environment, the tension per arm is 
obtained by substituting eq 17 into eq 7 as
(18)
The sum over z arms gives the linker tension as
(19)
A similar result can be obtained from the interaction energy.64 In a nonsolvent system (dry 
brush, e.g., melt), the tension in individual arms is determined by dense packing of the 
tethered chains (eq 13) as
(20)
leading to the linker tension
(21)
Note that the distance between neighboring linkers is always larger than diameter of the 
branching core D, i.e. d ≥ z1/2b (eq 5). Therefore, f ≤ zf0, where intrinsic tension f0 ≅ kBT/b 
≅ 1 pN (eq 1).
Summary of Tension Regimes
Equations 10, 14, 19, and 21 allow estimation of the linker tension for the different grafting 
regimes of star-like macromolecules tethered to a solid substrate. In all cases, the tension 
does not depend on the degree of polymerization of the arms N as long as the star radius is 
larger than the spacer length (R > h). Grafted stars offer three independent structural 
parameters for tension control: (i) degree of polymerization of the spacer (m ≅ h/b); (ii) 
grafting density (σ ≅ d–2), and the number of arms (z). Figure 5 shows how the linker 
tension depends on the distance between the grafting sites (i.e., grafting density). In the 
mushroom and loose grafting regimes (d > h), the tension does not depend on the grafting 
density and is solely controlled by the spacer length (eqs 10 and 14). On the contrary, the 
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linker tension in the dense brush regime (h > d > (zb)1/2) is independent of the spacer length 
h and increases with decreasing the intermolecular distance as ~d–1 in a solvent environment 
(eq 19) and ~d–2 in the dry state (eq 21). The crossover between the loose and dense brush 
regimes occurs at d = h. Upon reaching the maximum grafting density at d ≅ z1/2b (eq 16), 
the linker tension attains its upper limit
(22)
where f0 ≅ kBT/b (eq 1). For a conventional polymer with b ≅ 1 nm and highly branched star 
with z ≅ 1000, one finds f0 ≅ 1 pN and fmax = 1 nN. Note that the maximum tension (eq 22) 
is also attained upon shortening the spacer length to its lower limit h ≅ z1/2b (eq 6). This can 
be demonstrated by substituting h ≅ z1/2b in eq 14. In order to prepare brushes with less 
strained and thus more stable linkers, one should either lower the grafting density or 
decrease the number of arms. For example, an increase of the intermolecular distance d by a 
factor of 10, will drop the tension from f ≅ 1nN to f ≅ 0.1 nN in solvent (eq 19) and to f ≅ 
0.01 nN in melt (eq 21). A more detailed analysis of the relevant tension values and tension 
amplification factors is discussed in the conclusion section.
Effect of the Solvent Quality
The effect of solvent quality on tension in the linker between a tethered star and a substrate 
is shown in Figure 5. In a dry state, the tension increases with grafting density as f ~ σ ~ d–2 
(eqs 14 and 21), which is a stronger dependence compared to f ~ σ1/2 ~ d–1 in a solvent 
environment (eqs 10 and 19). At the maximum grafting density (eq 16), both systems 
converge to the maximum possible tension fmax = f0z (eq 22). Note that the maximum 
tension depends neither on the solvent quality nor on the grafting density, i.e. the upper 
tension limit is the same for dry, wet, single molecules, loose, and dense brushes.
In the dense brush regime (z1/2b < d < h), the difference in tension between the dry and wet 
brushes increases with distance d between the grafting sites. At a transition from the densely 
to loosely grafted brushes at d ≅ h, the “wet-to-dry” force ratio can be calculated from the 
ratio of eqs 10 and 14 as fwet/fdry ≅ h/(z1/2b) ≅ h/D, where D = z1/2b is the diameter of the 
branching core (eq 5). In other words, the linker tension in a solvent environment can be 
larger than the tension in the dry state by a factor of h/D (note that h ≥ D (eq 6)). It is 
important to emphasize that the solvent quality has an effect on the tension value only at T < 
Θ (poor solvent).38 Under good solvent conditions (T > Θ), in a Θ solvent (T ≅ Θ), and even 
in a range of poor solvents (T < Θ), the linker tension virtually does not depend on solvent 
quality and follows eqs 10 and 19 (upper solid line in Figure 6). The effect of solvent quality 
at T < Θ becomes noticeable when the distance between the star arms becomes larger than 
the size of the thermal blob ξT = b(Θ – T)/T (dashed line in Figure 5). In this regime (ξ > 
ξT), tethered stars can be considered as a melt of thermal blobs. As such, the linker tension 
in this poor solvent regime can be calculated by replacing the monomer concentration c ≅ 
b–3 in eq 12 with c ≅ gT/ξT3 ≅ 1/(ξTb2), where gT, the number of monomeric units within 
the thermal blob, is related to the blob size ξT as ξT2 = gTb2.40 This gives the following 
relations for the linker tension in tethered stars in a poor solvent environment at ξT < ξ:
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Molecular bottlebrushes tethered to a substrate (Figure 2b) represent another system that 
allows amplification of bond tension from the pN to nN range. There are two representative 
cases: hairy brushes (R >> L, Figure 6a) and crew-cut brushes (R << L, Figure 6b), where R 
is the lateral size of a tethered molecule determined by its side chains and L is the backbone 
length. In this paper, we focus on hairy brushes that demonstrate progressive increase of 
tension along the backbone. In crew-cut bottlebrushes, the tension increase is observed only 
at the free end of their backbones, similarly to the tension variation in untethered brushes.37
Figure 6a shows dimensions of a tethered bottlebrush with z side chains. The degrees of 
polymerization (DP) of the backbone and side chains are Nbb, and Nsc, respectively. The 
contour lengths of the brush backbone is given by
(25)
Note that Nbb = z as we assume that every monomeric unit of the backbone has one side 
chain. Similar to grafted stars, one considers three regimes that corresponds to the so-called 
mushroom (d > R), loosely tethered “bottlebrushes” (R > d > L), and densely tethered 
“bottlebrushes” (L > d > z1/2b). We start with the mushroom regime (isolated molecules), 
which is also relevant to loosely tethered macromolecules.
Mushroom Regime
If the distance between the neighboring bottlebrushes is larger than the contour length of the 
brush backbone (d > L), the backbone tension is largely controlled by steric repulsion of the 
side chains within an individual molecule. At a distance s from the backbone free end 
(Figure 7a), the backbone tension f(s) is obtained as a sum of tensile forces fsc from the 
individual side chains attached to the backbone within distance s from the free end. At 
equilibrium, when all forces are balanced, this brush section may be considered as a star-like 
macromolecule, which is tethered to an imaginary substrate located at a distance x = L – s 
from the real substrate (dashed line in Figure 7a) . In this case, the backbone tension at 
distance s from the free end can be directly obtained from eqs 10 and 14 as a tension in the 
spacer between the imaginary substrate and a star-like macromolecule with z = s/b arms. 
Using h = s for the spacer length, eqs 10 and 14 give the corresponding scaling relations for 
the tension variation along the backbone of a tethered bottlebrush in a solvent environment 
and dry state:
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where intrinsic tension f0 ≅ 1 pN is given by eq 1. Note that in the dry state (eq 27), the 
backbone tension does not depend on the distance along the backbone and adopts its 
maximum value on the order of f0 ≅ 1 pN. This is consistent with the behavior of free 
(nontethered) brushes in a melt state.37 Unlike dry brushes, the backbone tension in a wet 
brush (eq 26) increases from f ≅ f0 at s = b (first bond at the free end of the backbone) to its 
maximum value in the linker at s = L ≅ zb
(28)
Note that the upper limit of the linker tension in a tethered bottlebrush is by a factor of 
smaller than the maximum tension in a tethered star with the same number of arms z (eq 22). 
This reduction is due to the distribution of the side chains (and hence, their tensions) along 
the backbone of length L ≅ zb~z (unlike tethered stars with z arms sprouting from a 
spherical core of size ).
Another important conclusion from eq 26 is that the backbone tension in hairy bottlebrushes 
(L < R) does not depend on the degree of polymerization of side chains Nsc (see Figure 6a). 
This behavior is different from that of crew-cut brushes (L >> R) that exhibit a constant 
tension of f ≅ f0Nsc3/8 along the central section of the backbone, the so-called transmission 
zone.37 Figure 8 demonstrates the development of the backbone tension as a function of s for 
both hairy (L1 < R) and crew-cut (L2 > R) wet bottlebrushes. In the hairy system (Figure 
6a), the tension follows eq 26 (solid line). In a crew-cut brush (Figure 6b), the tension first 
increases and then levels off at a distance s = R, where R ≅ Nsc3/4b is the lateral size of the 
bottlebrush. By substituting s ≅ Nsc3/4b in eq 26, we obtain the plateau value f ≅ f0Nsc3/8, 
which exactly corresponds to the backbone tension of a free bottle–bottle molecule in a good 
solvent.37 In the previous paper,37 the end-cup of the bottlebrush (s < R) is called the 
focusing zone, i.e. the zone of tension amplification, while the central section of the brush R 
< s < L is called the transmission zone, which transmits the tension from the brush end to the 
substrate.37
Loosely and Densely Tethered Molecular Bottlebrushes
At intermolecular distances smaller than the lateral dimension of a bottlebrush (d < R), the 
conformations of the side chains are perturbed due to the overlap with the neighboring 
bottlebrushes (Figure 7b). Similar to tethered stars (Figure 4), one discriminates two grafting 
regimes for bottlebrush monolayers, i.e., loosely and densely grafted macromolecules.
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Loose Bottlebrush Monolayers—The loose-brush regime is observed when the 
distance between the neighboring bottlebrushes is smaller than their lateral size R, yet larger 
than the contour length L of its backbone (L < d < R). In this regime, the conformation of 
the side chains in the brush core is largely unperturbed within a radius r < L from the 
backbone. Similar to our analysis of the mushroom regime (Figure 7a), a tethered 
bottlebrush may be considered as a star-like macromolecule at any distance s (0 < s < L) 
from the backbone end, which allows using eqs 26 and 27 for calculation of the backbone 
tension in wet and dry brushes, respectively.
Dense Bottlebrush Monolayers—Here, we first consider wet brushes, i.e. tethered 
bottlebrushes in the presence of solvent. In the dense brush regime (z1/2b < d < L), the side 
chains of the neighboring brushes partially overlap and change their conformation (hence, 
tension). In this regime, every brush molecule can be considered as a core–shell cylinder 
with a total radius of r = d/2 and a core radius of r = r* (Figure 7b). Within the core (0 < r < 
r*), the extended conformation of the side chains remains unperturbed by the neighboring 
bottlebrushes. In the overlap region (r* < r < d/2), the excluded volume repulsion between 
the side chains is screened on length scales larger than the correlation length ξc. Therefore, 
the space in the overlap region is filled by a melt of the so-called correlation blobs of size ξc. 
The chains of correlation blobs are extended due to repulsion between neighboring brushes.
The variation of tension along the backbone depends on distance s from the free end of the 
backbone. Close to the backbone end (s < r*), the backbone does not feel the presence of the 
neighboring bottlebrushes and behaves similar to the isolated macromolecules in the 
mushroom regime. Therefore, the backbone tension in the range s < r* is given by eq 26. On 
larger length scales (s > r*), the backbone tension is affected by the interaction with the 
neighbors. Akin to the tug-of-war game, the backbone tension at a distance x from the 
substrate is a sum of individual tensions fsc(x) from the side-chains located above the x-
plane. This can written as an integral
(29)
where g ≅ x/b is the number of branching points in the backbone section located below the 
x-plane (0 ≥ x ≥ L – s) (Figure 7b). In the overlap region, every side-chain can be considered 
as a chain of correlation blobs (effective monomers) extended perpendicular to the substrate 
with a tension force
(30)
where x is the size of a chain section composed of m correlation blobs of size ξc. The blob 
size is obtained from the area-filling condition, i.e. each side chain occupies an area ξc2 ≅ 
d2/z. This gives the size of the correlation blob as
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The number of correlation blobs per side-chain section confined within a volume of v ≅ xd2 
≅ gbd2 is calculated from the space-filling condition as
(32)
by considering volume v filled by a melt of mg densely packed correlation blobs, i.e. by g 
chain sections of volume mξc3 each. Using eq 31 for the blob size, one rewrites eq 32 as
(33)
Note that m (number of blobs in a chain section of size x) does not depend on the section 
size x because both the volume v and the number of chains in that volume are proportional 
to x. By substituting eqs 31 and 33 in eq 30, one obtains that the tension in a side chain 
increases linearly with its position (x) along the backbone
(34)
where f0 is the intrinsic bond tension (eq 1). The side-chain tensions are integrated (eq 29) to 
yield the backbone tension at distance s from the free end of the backbone
(35)
At large distances from the backbone end (s ≅ L), i.e., close to the substrate, the backbone 
tension (eq 35) exhibits parabolic dependence on s. However, at smaller distances (s << L), 
the tension depends on the distance nearly linearly, i.e. f(s) ~ s. By substituting the backbone 
length L ≅ bz (eq 25) in eq 35 one obtains the variation of the backbone tension in terms of 
the structural parameters of the system (b, z, d)
(36)
As discussed above, the end-caps of densely tethered bottlebrushes (s < r*) behave as 
loosely tethered brushes with a backbone tension given by eq 26, i.e., . Both 
expressions for tension (eqs 26 and 36) should match at s = r*, where r* is given by
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The length scale given by eq 37 can be regarded as a crossover from the intramolecular to 
intermolecular brush systems. Since d << L (dense brush regime), the crossover occurs at a 
relatively small distance from the backbone end (r* << L). One can calculate the backbone 
tension at the crossover point (s = r*) as
(38)
eqs 26 and 36 have been used to plot the variation of the backbone tension as a function of 
the distance s from the free end of the backbone (Figure 9).
The tension in the linker can be obtained by substituting s = L ≅ bz in eq 36 as
(39)
It is instructive to calculate the linker tension for the two grafting density limits of the dense 
brush regime. At the crossover from the loose to dense brush regime (d = L ≅ bz), the linker 
tension is given by
(40)
which coincides with the linker tension in the mushroom and loosely grafted regimes (eq 
28). When the grafting density approaches its physical limit  (eq 16) one obtains
(41)
which is equal to the maximum linker tension in densely grafted stars with the same number 
of arms (eq 22).
Densely Tethered Bottlebrushes in a Dry State—In dry brushes, the correlation blob 
is on the order of monomeric size. Therefore, to calculate the variation of the backbone 
tension in dry brushes, one should substitute ξc ≅ b in eqs 31 and 32, and then follow the 
same protocol used for the derivation of the backbone tension in the wet regime (eq 36). 
This gives the following relations for the variation of the backbone tension as a function of 
the distance from the backbone end:
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At the free end of the backbone (s < r*), the backbone tension is not affected by the 
neighboring brushes. Within this so-called focusing zone (Figure 8), the tension is 
determined by eq 27; i.e., it depends neither on grafting density nor the distance along the 
backbone. The onset of the tension increase (eq 42) occurs in the crossover region at s = r* ≅ 
d2/L, which is calculated by equating 27 and 42 and is identical to eq 37. In other words, in 
the dense grafting regime, the effect of the neighboring brushes becomes noticeable on the 
same length scale for wet and dry bottlebrushes.
Akin to the wet brushes (eq 39), the tension in the linker is obtained by substituting s = L ≅ 
bz in eq 42 as
(43)
At the transition from the loose to dense grafting regime (d ≅ L), the linker tension in a dry 
bottlebrush is equal to flinker ≅ f0 (eq 27), while at the upper limit for the grafting density 
 (eq 16), the linker tension approaches the maximum value given by flinker = f0z (eq 
22). From eqs 39 and 43, one concludes that the linker tension in wet brushes is larger than 
the tension in dry brushes by a factor of
(44)
Note that the interbrush distance d be smaller than  (eq 16).
CONCLUSIONS
We have shown that tethering multiarm macromolecules to a solid substrate leads to 
significant amplification of tension in the linker. The derived equations provide scaling 
relations between the linker tension and the controlled synthetic parameters, including the 
number of arms (z), the linker length (h), and the grafting density (σ ≅ 1/d2). In the case of 
tethered bottlebrushes, one may also introduce an additional parameter p ≅ Nbb/z ≥ 1, i.e. a 
number of the backbone Kuhn monomeric units per side chain, which corresponds to the 
intramolecular linear grafting density 1/(pb).37 A decrease in the grafting density (p > 1) 
would lower the backbone tension. In conventional systems, p ≅ 1. Table 1 summarizes 
useful relations that can be applied for estimating the linker tension in two different 
molecular architectures, i.e. tethered polymer stars and tethered bottlebrushes, in both 
solvent and nonsolvent environments. To demonstrate the amplification effect of the 
branched architecture, the table includes the corresponding scaling relations for conventional 
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planar brushes. The table shows that depending on the linker length and the grafting density, 
one can achieve z-fold amplification of the linker tension from the pN to nN scale, i.e., from 
f0 ≅ 1 pN (eq 1) to zf0 ≅ 1nN (eq 22). Increasing the linker length h ≅ mb and the 
intermolecular distance d above their lower limits hmin ≅ dmin ≅ z1/2b (eqs 6 and 16), results 
in tension decrease as 1/m and 1/d in wet brushes and as 1/m2 and 1/d2 in dry brushes, 
respectively. Using equations in Table 1, one can calculate the d- and z-amplification factors, 
i.e. ∂f/∂d and ∂f/∂z derivatives, to quantify the effect the grafting density and the number of 
arms on the tension value. For example, in wet densely tethered stars, the d-amplification 
factor for the linker tension is given by
For a given set of parameters (b = 1 nm, z = 900, d = 100 nm), one obtains ∂f/∂d ≅ – 40 
pN/nm, i.e the linker tension increases by 40 pN upon decreasing the distance between 
tethered macromolecules by 1 nm. Correspondingly, one can calculate the z-amplification 
factor for the linker tension in wet densely tethered stars as
For the same set of molecular parameters (b = 1 nm, z = 900, d = 100 nm), one obtains ∂f/∂z 
≅ 3 pN/arm; i.e., the linker tension increases by 3 pN upon adding one extra arm. Using eq 
3, these amplification factors can be translated to acceleration of the bond-scission process. 
For example, 10-fold enhancement of the scission rate occurs when the bond tension 
increases by Δf ≅ 250 pN. This is equivalent to either a decrease of the intermolecular 
distance by Δd ≅ 6 nm or increase of the number of arms by Δz ≅ 70. These estimates are 
vital for forecasting the mechanical stability of tethered polymer brushes.
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In polymer brushes, the osmotic pressure (downward arrows) is balanced by the tension in 
the linkers (upward arrows). By reconnecting the linear chains of a planar brush in groups of 
z arms, one gains z-fold amplification of the linker tension.
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Two synthetic strategies for preparation of molecular stars tethered to a substrate using (a) 
hyperbranched and (b) “bottlebrush” macroinitiators. The hyperbranched system has a 
branching core of diameter D with z arms each consisting of N monomeric units. The core is 
connected to the substrate plane by a short spacer of length h. In the “bottlebrush” system, 
the arms are evenly distributed along the backbone of length L. To control the grafting 
density, the preparation may include dilution of the tethering sites with inactive “dummy” 
initiators.
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Three grafting regimes for multiarm star-like macromolecules tethered to a solid substrate: 
(a) single molecules, so-called “mushroom” regime (d > R), (b) loosely grafted brushes (h < 
d < R), and (c) densely grafted brushes (D < d < h). For all systems, the linker between the 
substrate and the polymer star is under tension. The loose and dense brushes offer different 
ways for controlling the linker tension. In loose brushes the tension depends on the linker 
length and does not depend on the grafting density. In dense brushes, the tension is 
independent of the linker length and determined by the grafting density.
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Star-like macromolecules tethered to a solid substrate in (a) mushroom (d < R < h) and (b) 
dense (d < h) brush regimes. While the chain conformation in an isolated molecule remains 
unperturbed at smaller distances r << h from the branching core (inset in a), the arms get 
extended leading to a net repulsive force f ≅ zfarm (h), which depends on the spacer length h. 
In the dense regime (d < h), the grafted stars behave as a planar brush with a grafting density 
σ = 1/ξ2 ≅ z/d2. In this case, the tension in the individual arms is solely determined by d 
leading to a net repulsive force f ≅ zfarm (d).
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Tensile force in the linker between the tethered star-like brush and the substrate is presented 
as a function of the distance between the grafting sites d (double–logarithmic plot) for three 
different solvent regimes: wet (upper solid line), dry (lower solid line), and poor solvent at 
ξT < ξ (dashed line). The wet regime includes good solvents (T > Θ), Θ solvent (T ≅ Θ), and 
moderately poor solvents (T < Θ and ξT > ξ). For isolated molecules and loose brushes (d > 
h, σ < 1/h2), the force does not depend on the grafting density and is determined by the 
length of the spacer h. At higher grafting densities, the tension increases until it reaches the 
maximum value of f ≅ f0z at a grafting density of σ < 1/(zb2). The poor solvent line (dashed) 
merges with the solvent line when the distance between neighboring arms becomes 
comparable to the thermal blob size ξT at σ ≅ 1/(zξT2).
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(a) Hairy and (b) crew-cut molecular bottlebrushes tethered to a solid substrate. The hairy 
brushes have star-like conformation, while the crew-cut brushes adapt a cylindrical shape.
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Two grafting regimes of molecular bottlebrushes tethered to a solid substrate: (a) isolated 
macromolecule (mushroom, d > R) and (b) densely grafted bottlebrushes (L > d > z1/2b). 
The schematics of the mushroom regime (a) is also relevant to the loosely grafted 
macromolecules (R > d > L), since side-chain conformation remains unperturbed by the 
neighboring brushes within the dashed circle of diameter L in part a.
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The log log–plot shows the development of backbone tension within a tethered bottlebrush 
in the mushroom regime as a function of distance s from the free end of the backbone. The 
plot combines a hairy-brush system (L1 < R, solid line) and a crew-cut system (L2 > R, 
dashed line), where R ≅ Nsc3/4b is the lateral dimension of the bottlebrush in a good solvent. 
In a hairy brush, the tension increases as  (eq 26). Once the backbone length 
becomes longer than R (crew-cut), the tension levels off at f ≅ f0Nsc3/8.37 In a crew-cut 
brush, the ranges L < R and L > R are called as focusing and transmission zones, 
respectively.
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Tension in the backbone of densely tethered (d < L) bottlebrushes increases with the 
distance from the free end of the backbone (log–log plot). At short distances (s < r*), the 
end-cup of a tethered bottlebrush does not feel the pressure of the neighboring brushes and 
behaves as a free (nontethered) bottlebrush. In this regime, the tension variation in wet and 
dry brushes is given by  (eq 26, dashed line) and f ≅ f0 (eq 27, solid line), 
respectively. At a distance of s ≅ r* ≅ d2/L, the brush becomes perturbed by the neighboring 
brushes and switches its tension variation to f ~ s (eq 36 and eq 42 for wet and dry brushes, 
respectively). The crossover point between the two regimes is defined by eqs 37 and 38. The 
linker tension (s = L) is given by eqs 39 and 43 for wet and dry brushes, respectively.
Sheiko et al. Page 27

























Sheiko et al. Page 28
Table 1
Relations and Values for Bond Tension in Tethered Macromolecules
system/property scaling relation value
1. Planar Brushes
T = 298 K, b ≅ 1 nm, σmax ≅ 1.4 nm−2 (eq 4)





extra tension in a dense brush (σ ≅ 0.4 nm−2)41
f ≅
kBT
b ≅ kBT σ
2.5 pN
2. Tethered Stars (m ≥ z, e.g. m = 100, z = 900, and b = 1 nm)
2.1 Mushroom and Loose Grafting Regimes (d > h ≅ mb ≅ 100 nm)
wet brush (good, Θ, and moderately poor solvent)





f ≅ f 0
z
m
2 14 300 pN
2.2 Dense Grafting Regime (z1/2b < d < h, e.g., d ≅ 50 nm)
wet brush (good, Θ, and moderately poor solvent)





f ≅ f 0z
2 b
d
2 21 1 nN
3. Tethered Bottlebrushes (L ≤ R, d ≥ z1/2b, z ≅ 900, b ≅ 1 nm)
3.1 Mushroom and Loose Grafting Regimes (d > L ≅ bz ≅ 900 nm)
wet brush (good, Θ, and moderately poor solvent) f linker ≅ f 0 z 28 100 pN
dry brush (melt) f ≅ f0 (27) 4 pN
3.2 Dense Grafting Regime (z1/2b < d < L, e.g., d ≅ 50 nm)
wet brush (good, Θ, and moderately poor solvent)
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